The aurea mutants of tomato have been widely used as phytochrome-deficient mutants for photomorphogenetic and photobiological studies. By expressed sequence tag (EST)-based screening of sequence databases, we found a tomato gene that encodes a protein homologous to Arabidopsis HY2 for phytochromobilin synthase catalyzing the last step of phytochrome chromophore biosynthesis. The tomato protein expressed in Escherichia coli showed phytochromobilin synthase activity. The corresponding loci in all aurea mutants tested have nucleotide substitutions, deletions or DNA rearrangements. These results indicate that aurea is a mutant of phytochromobilin synthase in tomato. We also discuss a phylogenetic analysis of phytochromobilin synthases in the bilin reductase family.
Light is one of most important factors that provide environmental information on the habitat of sessile plants. Light is sensed by photoreceptors, and the phytochrome family is the most characterized photoreceptor for red and far-red responses in plants (Furuya and Schäfer 1996 , Nagy and Schäfer 2002 , Quail 2002 . Phytochromes are photoreversible chromoproteins with a linear tetrapyrrole chromophore that is essential for light perception. In Arabidopsis thaliana, the phytochrome gene family consists of five genes for apoproteins, PHYA to PHYE (Clack et al. 1994) . However, all plant phytochrome molecules are believed to possess a common chromophore, phytochromobilin (PΦB). PΦB is synthesized from 5-aminolevulinic acid via heme in plastids (Terry et al. 1993) . Heme is first cleaved to biliverdin (BV) IXα by heme oxygenase (EC 1.14.99.3), and BV IXα is reduced further to PΦB by PΦB synthase (EC 1.3.7.4). The chromophore mutants hy1 and hy2 were isolated and characterized in Arabidopsis (Koornneef et al. 1980 , Chory et al. 1989 , Parks and Quail 1991 . The presence of similar sets of mutants has been reported, including pcd1 and pcd2 in pea (Weller et al. 1996 , Weller et al. 1997 ), pew1 and pew2 in Nicotiana plumbaginifolia (Kraepiel et al. 1994) , and yg-2 and au in tomato (Koornneef et al. 1985, Terry and . The genes responsible for hy1 and hy2 mutants in Arabidopsis were cloned based on their map positions (Davis et al. 1999 , Muramoto et al. 1999 . HY1 and HY2 encode proteins for active heme oxygenase and PΦB synthase, respectively (Muramoto et al. 1999 , Muramoto et al. 2002 . The identification of these genes helped in the characterization of those from other plant species. se5 in rice (Izawa et al. 2000) and yg-2 in tomato (Davis et al. 2001) are examples of mutants in which the orthologs of Arabidopsis HY1 for heme oxygenase in phytochrome chromophore biosynthesis were mutated. Similarly, knowledge of Arabidopsis HY2 was applied to maize elm1 (elongated mesocotyl 1) that has long mesocotyls in the light. Mutations in all elm1 alleles examined occurred in a gene for PΦB synthase (Sawers et al. 2004) .
Tomato is a model organism of the Solanaceae family that includes other agriculturally important crops including potato, pepper and eggplant, and has been used as material for genetic, physiological, pathological and developmental studies. In tomato, there are five phytochrome genes, and several mutants are available for genetic research (Weller et al. 2000) . The chromophore mutants, yg-2 and au, of tomato show a photomorphogenetic phenotype with yellow-green leaves, elongated hypocotyls, reduced anthocyanin content when grown in white light and reduced levels of spectrophotometrically detectable phytochrome in dark-grown seedlings (Koornneef et al. 1985) . These mutants have been used extensively in physiological research (e.g. Kendrick et al. 1994 , Migge et al. 1998 , Terry and Kendrick 1999 , Terry et al. 2001 . Single cell assay sys-tems in au hypocotyls by microinjection have been developed and used extensively to analyze phytochrome signal transduction (Neuhaus et al. 1993 , Bowler et al. 1994 , Wu et al. 1996 . Although one au allele reportedly contained photoinactive phytochrome A and photoactive phytochrome B (Sharma et al. 1993) , au mutants are deficient in phytochrome chromophore biosynthesis . A mutation in yg-2 has been identified in the gene for heme oxygenase in tomato (Davis et al. 2001 ). Here we report that a tomato gene homologous to Arabidopsis HY2 encodes PΦB synthase, and a classical photomorphogenetic mutant au of tomato used in many photobiological studies is deficient in phytochrome chromophore biosynthesis due to mutation in this gene.
To screen for a PΦB synthase gene involved in phytochrome chromophore biosynthesis in tomato, we searched the tomato expressed sequence tag (EST) database (Fei et al. 2004 ) for a homolog of Arabidopsis HY2 (DDBJ Accession no. AB045112; Kohchi et al. 2001) . A partial cDNA sequence was identified from a tomato shoot/meristem cDNA library (GenBank Accession no. BG127982). A full-length cDNA clone encoding a putative PΦB synthase was obtained by 5′-and 3′-RACE (rapid amplification of cDNA ends, Marathon cDNA amplification kit, BD Biosciences Clontech, Palo Alto, CA, U.S.A.) from mRNA prepared from wild-type tomato (Lycopersicon esculentum cv. Condine Red) using gene-specific primers (GCAATGGGTTGAGGTCCAGTACAA and CGACGGCATGCAGGTATTGGATTT) designed from the EST clone, and an adaptor primer (ACTCACTATAGGGCTC-GAGCGGC). The cDNA contained an open reading frame of 1,029 bp coding for 342 amino acid residues. The deduced amino acid sequences were compared with those of reported PΦB synthases , Sawers et al. 2004 ) and of a putative rice PΦB synthase in the database (Fig. 1 ). Since the sequence was highly similar to Arabidopsis PΦB synthase, the tomato gene was tentatively named LeHY2. Arabidopsis HY2 is targeted to plastids , and therefore the deduced amino acid sequences from LeHY2 were analyzed by the program ChloroP (http://www.cbs.dtu.dk/services/ChloroP/). This indicated that LeHY2 had a potential transit peptide of 51 amino acid residues at its N-terminus. The sequence homology to the other HY2-related proteins is relatively low in the predicted transit peptide stretches. The calculated molecular mass of the processed mature protein is 33.5 kDa with a predicted isoelectric point of 5.8.
The region of the cDNA encoding the mature LeHY2 protein lacking the putative transit peptide (52-343), mLeHY2, was amplified by PCR with primers (TCCCCCGGGAGCTCT-GGTGTTTCTTACAAG and CCGCTCGAGTCAGACAATC-TCAACTCTATC) and cloned into the pGEX6P-2 expression vector to produce recombinant protein fused to glutathione Stransferase (GST) in Escherichia coli (Amersham Bioscience, Buckinghamshire, U.K.). Expression, purification and enzymatic reaction of mLeHY2 without the GST tag were performed according to Kohchi et al. (2001) . The recombinant mLeHY2 purified from E. coli was assessed with a coupled holophytochrome assembly assay in which mLeHY2 reaction products were incubated with crude recombinant cyanobacterial phytochrome 1 (Cph1) apoprotein ). Fig. 2 shows a phytochrome difference spectrum obtained after incubation of the enzymatic reaction mixture with apoCph1. The peak and trough at 676 and 724 nm were identical to those of a PΦB adduct (Yeh et al. 1997 ) and the Arabidopsis HY2 reaction product . Unambiguous PΦB synthase activity in mLeHY2 indicates that LeHY2 is a gene for Fig. 1 Comparison of the deduced amino acid sequences of LeHY2 with PΦB synthases. Alignment was constructed using the program CLUS-TALW (version 1.83) with default parameters (http:// clustalw.genome.jp/). Fully conserved residues, conserved residues in the 'strong' group (STA, NEQK, NHQK, QHRK, MILV, MILF, HY and FYW) and conserved residues in the 'weak' group (CSA, ATV, SAG, STNK, STPA, SGND, SNDEQK, NDEQHK, NEQHRK, FVLIM and HFY) are indicated by asterisks, colons and dots, respectively. The underlined sequence is the putative transit peptide for plastid localization. Database accession numbers are AB045112 for Arabidopis HY2, AY560384 for maize ZeHY2 (ELM1) and AK101395 for OsHY2, a putative rice PΦB synthase.
PΦB synthase involved in phytochrome chromophore biosynthesis in tomato.
As described above, LeHY2 encoding PΦB synthase is the best candidate gene corresponding to AU identified genetically in tomato. We determined and compared the genomic nucleotide sequences of available au mutant alleles (Terry and Kendrick 1999 ) and the respective wild types. Genomic DNAs were amplified by PCR and sequenced directly with primers (see Fig. 3 legend) . The LeHY2 locus was separated into eight exons by seven introns (Fig. 3A) . The number and position of introns are exactly the same as those in Arabidopsis, although the average size is much larger in tomato than in Arabidopsis. A comparison of the mutants and wild types indicates that all of the au mutants tested have a sequence change (Fig. 3A) . The wild-type nucleotide sequences in the genomic DNAs are the same among cultivars Ailsa Craig, Condine Red and Money Maker. The au ls (genetic background; cv. Condine Red) and au w (cv. Money Maker) mutant alleles have the same mutation: a nucleotide substitution resulting in amino acid substitution from asparagine to tyrosine at position 140. The au mutant allele (cv. Ailsa Craig) where a particular allele name was not given has a two-nucleotide deletion in the last exon that causes a frameshift. We failed to amplify the genomic DNA fragment for the 3′ end of the au 6 mutant allele (cv. Ailsa Craig; formerly yg-6) (Fig. 3B) , indicating that the au 6 allele has a DNA rearrangement or a large deletion. The au 6 allele was induced by irradiation (van Tuinen et al. 1996) , which is consistent with this DNA analysis. These data, together with previously reported biochemical and physiological data, strongly indicated that the gene encoding PΦB synthase is AU.
The au mutant has been used extensively for signal transduction studies as described above. Knowledge of the molecular basis of au mutations is of interest to interpret previous reports. Terry and Kendrick (1999) reported that accumulation of protochlorophyllide is reduced relatively weakly in au ls and severely in au
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. The former mutation has a substitution in neutral-polar amino acids from asparagine to tyrosine, and the latter has a large DNA rearrangement in which no full-length Fig. 2 Phytochrome difference spectrum obtained following incubation of the BV metabolite product from E. coli-produced LeHY2 with Cph1. The assay was performed as described by Kohchi et al. (2001) . The BV metabolite was prepared by incubating mature recombinant LeHY2 lacking a putative transit peptide with BV in the presence of reduced ferredoxin. A soluble extract from E. coli expressing Histagged Cph1 was incubated with the BV metabolite. The phytochrome difference spectrum was obtained by subtracting the absorption spectrum after red light treatment from that after far-red light treatment. The absorption maximum and minimum are indicated in nanometers. The broken line is a no protein control. Fig. 3 Genomic organization of LeHY2 in wild-type and in au mutants. (A) The genomic structure of LeHY2 compared with those of Arabidopsis and rice. The exon-intron structure of LeHY2 is illustrated with exons depicted as boxes. The size of each intron is shown in nucleotides. The location of the mutation in au alleles is given relative to the first letter of the initiation codon of the cDNA. Deduced amino acid substitution is given in parentheses. Primers used to amplify genomic regions for sequencing analysis are indicated by arrows. Primer sequences are: 1, GGAGCTTTGAAACACTTAAAGATTG; 2, GGAATGGAGATATCCCTCAAACTTG; 3, TTGAAGGGACCGAC-GGCATGCAG; 4, CGCTAGACACTCCGTGTAGTGGG; 5, CTGCT-TTCAAGGATTATTACCAG; and 6, AGGGGATGTGATGAACTAT-TTAC. (B) PCR amplification of genomic DNA from au and wild type. Lanes 1 and 4, wild-type; lanes 2 and 5, au; lanes 3 and 6, au 6 . Lanes 1-3, PCR product with primers 3 and 4; lanes 4-6, PCR product with primers 5 and 6. Primer positions used are shown in (A).
protein supposedly can be produced. Sharma et al. (1993) used the au mutant and reported that there is photoinactive phytochrome A in etiolated seedling and a photoactive phytochrome B in green leaves of this mutant. Thereafter, this allele has been widely used for signal transduction studies (Neuhaus et al. 1993 , Bowler et al. 1994 ) and physiological studies (Terry and Kendrick 1999) . A two-nucleotide deletion in the last exon causing a frameshift in the C-terminal 26 amino acid residues was found in this au allele. Although no enzymatic activity was detectable in au and the isolation as a mutant indicated that the au mutation must severely compromise the PΦB pool, it may have sufficient enzymatic activity to accumulate photoactive phytochrome B in green leaves, but not enough to accumulate a large amount of photoactive phytochrome A. Indeed, the accumulation of photolabile phytochrome A in the dark is much greater than that of photostable phytochrome B (Sharma et al. 1993) .
Phylogenetic analysis of the AU-related bilin reductase family was performed by the neighbor-joining method (Fig. 4) . Previously HY2 lay within the clade of PebB (EC 1.3.7.3; phycoerythrobilin:ferredoxin oxidoreductase) that catalyzes the conversion of 15,16 dihydrobiliverdin to 3Z-phycoerythrobilin (Fig. 4) . PΦB synthases formed a distinct clade from other bilin reductases, although it was reconfirmed that the PΦB synthase clade has a relatively close relationship to the PebB clade . Molecular identification of mutations in hy2, au and elm1 alleles, together with accumulated sequences of PΦB synthase, provides insight into biochemical characteristics of PΦB synthase. Conserved amino acid residues among the bilin reductase family will be important for core catalytic function as bilin reductase, while those among the PΦB synthase subfamily will define reaction specificities of the enzyme. AU has advantageous characteristics as an experimental source for PΦB synthase assay, since yield and solubility of the recombinant AU protein expressed in E. coli are better than that of Arabidopsis HY2 and considerably better that that of maize ELM1 (data not shown). It is of interest to analyze enzymatic activities and properties of various mutated AU proteins to investigate the catalytic mechanism of PΦB synthase.
Our studies show that the au mutant is a tomato counterpart of the Arabidopsis hy2 that is deficient in PΦB synthase . We previously reported that the phytochrome chromophore substitution from PΦB to PCB was achieved by transgenic expression of PcyA to plastids in hy2 in Arabidopsis and that phytochromes attaching PCB chromophore were essentially functional but had pronounced blue shift effects in far-red high irradiance responses (Kami et al. 2004) . PCB is a chromophore of phytochrome in cyanobacteria and green alga , Hübschmann et al. 2001 ). An adaptive advantage of the PΦB chromophore in land plants was speculated by physiological analysis of light responses in Arabidopsis with the PCB chromophore (Kami et al. 2004 ). In comparison with Arabidopsis, tomato is more suitable for biochemical assays and the analysis of developmental processes. Chromophore substitution experiments with au in tomato will facilitate investigation of the consequence of evolutionary selection of phytochrome chromophore.
